Background Research has demonstrated the benefits of robotic surgery for the patient; however, research examining the benefits of robotic technology for the surgeon is limited. This study aimed to adopt validated measures of workload, mental effort, and gaze control to assess the benefits of robotic surgery for the surgeon. We predicted that the performance of surgical training tasks on a surgical robot would require lower investments of workload and mental effort, and would be accompanied by superior gaze control and better performance, when compared to conventional laparoscopy. Methods Thirty-two surgeons performed two trials on a ball pick-and-drop task and a rope-threading task on both robotic and laparoscopic systems. Measures of workload (the surgery task load index), mental effort (subjective: rating scale for mental effort and objective: standard deviation of beat-to-beat intervals), gaze control (using a mobile eye movement recorder), and task performance (completion time and number of errors) were recorded.
surgeon; the reduced dexterity of the elongated tools, the limited freedom of movement within the abdomen, and the 2-dimensional field of view, place high physical and mental demands upon the surgeon. Robotic systems (e.g., the da Vinci Si; Intuitive Surgical Ltd., Sunnyvale, California), are proposed to overcome some of these challenges for the surgeon; the high resolution 3-dimensional field of view, improved dexterity, and tremor filtering are proposed to benefit the surgeon by reducing the mental and physical demands of procedures. However, research examining these claims is limited. The aim of this study was to test these propositions, using validated and scientifically rigorous measures of workload and mental effort.
A number of recent studies have examined the workload associated with performing various surgical tasks on robotic and laparoscopic systems [4] [5] [6] [7] . For example, Panait and colleagues found that surgeons reported lower workloads when completing circle cutting and intracorporeal suturing tasks on a robotic platform compared to a laparoscopic platform [8] . However, a limitation of this research is that workload was assessed using a measure borrowed from human factors research (National Aeronautics and Space Administration Task Load Index; NASA-TLX) [9] , rather than a validated multi-dimensional measure developed specifically for the surgical environment (Surgery Task Load Index; SURG-TLX) [10] . Furthermore, in the majority of these studies only total workload was reported and no attempts were made to identify the sub-constructs of workload that are most influenced by robotic technology (mental demand, physical demand, temporal demand, etc.).
Additionally, much of the recent workload research has predominately focused on measures of physical effort expenditure using techniques such as electromyography [4] . For instance, Lee and colleagues showed that surgeons exhibited less activation in the biceps and flexor carpi ulnaris muscles of the arms when completing tasks on a robotic rather than laparoscopic system [5] . Indeed, in comparison to physical effort, the investment of mental effort has been largely ignored despite research in the fields of aviation and ergonomics suggesting that mental overload can cause poor task performance, particularly if a concurrent task also needs to be completed [11] . This is an important consideration given that surgeons are often required to multi-task and effectively deal with many noises and distractions in the operating room [12] . Crucially, mental effort can be easily assessed both subjectively and objectively using well-established and validated measures [13] .
The majority of studies examining workload have investigated how robotic and laparoscopic techniques influence surgical task performance [14] . For example, Lee and colleagues showed that surgeons had higher global performance scores, reflecting reduced performance times and error rates, when utilizing a robotic system compared to conventional laparoscopy [5] . Recent research has identified that proficiency-related differences in laparoscopy performance can be indexed by the gaze control of the surgeon. This research has identified that proficient surgical performance in laparoscopic tasks is associated with more sustained fixations to the target to be manipulated rather than the tool (a 'target-locking' rather than 'switching' gaze strategy) [15] [16] [17] [18] [19] . Thus, eye-tracking technology may provide an objective method by which to assess performancerelated differences in robotic and conventional laparoscopy. A surgeon performing a task on a robotic system may display more 'expert-like' gaze control, with the improved dexterity afforded by the robot resulting in greater targetlocking and less switching between the target and tool.
The aim of this study was to compare the workload, mental effort, performance, and gaze control of experienced surgeons completing surgical tasks using both robotic and laparoscopic systems. The proposed benefits of the robotic system (3-dimensional field of view, improved dexterity etc.) were predicted to result in the surgeons reporting lower workload and mental effort when performing a surgical training task on the robotic system compared to the laparoscopic system. Moreover, these benefits were hypothesized to lead to the surgeons displaying more 'expert-like' gaze control and completing the tasks more quickly and accurately (fewer errors) on the robotic system.
Materials and methods

Participants
Thirty-two qualified and trainee surgeons (27 Male, 5 Female; Mean age = 39.91 years, SD = 8.96; 24 qualified and 8 trainee surgeons) volunteered to take part in the study. On average, the surgeons had relatively limited robotic experience (Mean number of procedures = 7.56, SD = 28.83) and fairly extensive laparoscopic experience (Mean number of procedures = 384.03, SD = 906.11). This information was gathered via a brief demographic questionnaire. All surgeons were right-hand dominant. Institutional ethical approval was obtained before commencement of the study, and all surgeons provided written informed consent prior to their individual testing session. Importantly, all surgeons were naïve to the purpose and hypotheses of the study prior to participation.
Surgical systems and tasks
A da Vinci Si robotic system (Intuitive Surgical Ltd., Sunnyvale, California) was used in the present study. This system consisted of two primary components: the surgeons control and viewing console, and a moveable cart with three articulated robot arms. The surgeon was seated in front of the console, looking at an enlarged three-dimensional image of the task while manipulating handles that moved the robotic arms. Laparoscopic instruments were attached to two of these arms while the third arm carried an endoscope. Importantly, the surgeons did not need to manipulate the robot arm with the endoscope as it was ensured that each task was in full view. A 3-Dmed (3-Dmed, Franklin, OH) standard minimally invasive training system with a joystick SimScope (a maneuverable webcam) was also employed. The scene inside the training box was viewed on a monitor (via a webcam) and surgical tools were inserted through a port on the box allowing objects to be moved inside the box. Each task was in full view to ensure that the surgeons did not need to manipulate the joystick SimScope at any stage.
The surgeons completed two tasks. First, the surgeons performed a ball pick-and-drop task that required the surgeons to move six foam balls from stems of varying heights into a cup, using a single tool (with their dominant hand). The balls had to be grasped and dropped into the cup individually and in a pre-specified order. The surgeons were asked to complete this task as quickly and as accurately (no dropped balls) as they could [19] . Importantly, previous research has shown that this task can be used to improve laparoscopic skills. Additionally, the surgeons performed a rope-threading task that required the surgeons to pass a rope through a succession of seven pre-specified metal hoops to create a P configuration, using two tools (with their dominant and non-dominant hands). The surgeons were asked to complete this task as quickly as possible. Crucially, previous research has demonstrated that this task is sensitive to expertise and system differences [20] .
Measures
Workload
Surgical workload was assessed using a recently developed and validated multi-dimensional measure called the SURG-TLX [10] . This measure assesses six workload dimensions including mental demands, physical demands, temporal demands, task complexity, situational stress, and distractions. The SURG-TLX requires a two-part evaluation to be completed. In the first part, the surgeons were asked to make 15-paired comparisons so that weights of the six dimensions could be calculated. The dimension with the highest weight was then deemed the most important contributing factor for the perceived workload (scores ranged from 0 to 5). The second part required the surgeons to complete six bipolar scales reflecting the separate dimensions on a 20-point Likert scale anchored between very low and very high. A workload score for each dimension was then calculated by determining the product of these two numbers. For example, a weight score of 4 and a rating of 15 equated to a workload score of 60 (scores ranged from 0 to 100). Finally, a total workload score was then determined by aggregating the scores from the six dimensions (scores range from 0 to 600).
Mental effort
Self-reported mental effort was assessed using the rating scale for mental effort (RSME) [21] . The RSME consists of a vertical axis scale with a range of 0-150, with nine descriptive indicators ranging from 3 (absolutely no effort) to 114 (extreme effort). The surgeons were asked to indicate on the scale how much mental effort they invested during the task they had just finished. This scale has been shown to have acceptable reliability in various laboratory settings (r = .88) [21] .
Objective mental effort was assessed using a time domain index of heart rate variability derived from the standard deviation of beat-to-beat intervals (SDNN). The SDNN is a correlate of the 0.04-0.15 Hz frequency domain-based spectral power band (r = .84) [22] , which includes the 0.07-0.14 Hz component that is sensitive to variations in mental effort in laboratory settings (higher SDNN reflects less mental effort) [23] . The beat-to-beat intervals were calculated and recorded automatically by the heart rate monitor (Polar S810i). The raw beat-to-beat interval data were then filtered using the automatic algorithm in the Polar Precision Performance SW analysis software, set at moderate filtering level. The filtered data were then analyzed with Kubios HRV Analysis Software (Biosignal Analysis and Medical Imaging Group, University of Eastern Finland) [24] . The software calculated SDNN (in ms) during each task on each system for 20 surgeons. Unfortunately, due to poor signal quality, heart rate variability data from 12 surgeons could not be analyzed.
Task performance
Performance on the ball pick-and-drop task was averaged across the two trials and assessed in terms of both the time taken to complete each trial and the number of errors made during each trial (the number of balls dropped and/or knocked off) [19] . Furthermore, performance on the ropethreading task was averaged across the two trials and measured by the time taken to complete the task (form the P configuration) [20] .
Gaze control
Eye movements were recorded using a saccadometer (Ober Consulting, Poland) . This device sat on the bridge of the surgeons' nose and was kept in place by an elastic strap around their head. The device was attached to a recording unit that was connected to a laptop (Dell Inspiron1400) installed with Jazz Recorder Software (Ober Consulting, Poland). The device continuously recorded eye position by changes in binocular infra-red scleral reflectance at a sampling rate of 1 kHz [25] . Once the device was fitted, a calibration was performed during which the surgeons had to look at high contrast red dots projected onto a blank wall at three different angles (10°left, 0°, or 10°right of center) by low-powered lasers. The continuous record function of the Jazz Recorder Software was then used to record eye positions throughout the tasks. The eye position data were then exported into a text file using Jazz Manager Software (Ober Consulting, Poland) and analyzed using a MatLab (MathWorks, USA) script. This script converted the eye position data into degrees of visual angle using a calibration factor derived from the calibration data. In the present study, a fixation was defined as when eye position remained on a location within 3°of visual angle for a minimum of 100 ms [26] . Thus, the script was written to detect the number of times that visual angle changed by 3°or more and to count the number of visual angle recordings between each change in visual angle. If visual angle remained within 3°of visual angle for 1,000 visual angle recordings or more (100 ms or longer), this was recorded as a fixation. This information was then used to calculate the number of fixations per minute (fixation rate) using the formula: [(number of fixations/completion time) 9 60,000], whereby a lower fixation rate is a proxy measure of greater target-locking and less switching.
Procedure
After arriving at the laboratory, the surgeons read an information sheet before providing written informed consent and completing a brief demographic questionnaire. The surgeons were then fitted with the heart rate monitor (Polar S810i, Polar Electro Oy, Finland) that was located beneath their clothing to allow complete freedom of movement. In addition, the surgeons were also fitted with the saccadometer (Ober Consulting, Poland) to assess gaze control. Next, the surgeons received instructions regarding the tasks, and performed two trials on each task (in a counterbalanced order). Prior to performing each task on each system, the surgeons were shown how to operate the system and were given 1 min to familiarize themselves with the system. Performance, heart rate, and gaze data were recorded continuously throughout both trials on each task on each system. Moreover, self-report measures of mental effort and workload were completed after each task on each system. Finally, at the end of the study, the heart rate monitor and saccadometer were removed, and surgeons were debriefed and thanked for their participation.
Statistical analyses
A series of dependent t tests were conducted on the workload (SURG-TLX), mental effort (RSME and SDNN), task performance (completion time and number of errors), and gaze control (fixation rate) data. Effect sizes were calculated using Cohen's d.
Results
Ball pick-and-drop task
Workload
The dependent t test on the SURG-TLX data revealed that the surgeons reported less total workload when completing the task on the robotic system compared to the laparoscopic system (t(31) = -3.48, p = .002, d = 1.25). A series of dependent t tests indicated that this was mainly due to the surgeons experiencing less stress on the robotic system than the laparoscopic system (t(31) = -2.20, p = .036, d = 0.79). Although the other dimensions of workload (mental demands, physical demands, temporal demands, task complexity, and distractions) also suggested benefits for the robotic system over the laparoscopic system, none of these differences were statistically significant (all ps [ .070). The workload data are presented in Table 1 .
Mental effort
The dependent t test on the RSME data revealed that the surgeons reported that the task required less mental effort on the robotic system than that on the laparoscopic system (t(31) = -3.99, p \ .001, d = 1.43). Furthermore, the dependent t test on the SDNN data indicated no significant differences between the systems, although the difference did equate to a small to medium effect size (t(19) = 0.89, p = .387, d = 0.41). Indeed, the data were in the predicted direction, the surgeons exhibited higher SDNN (reflecting lower mental effort) when performing the task on the robotic system compared to the laparoscopic system. The mental effort data are presented in Table 1 .
Task performance
The dependent t test on the completion time data revealed no significant difference between the systems (t(31) = 0.71, p = .482, d = 0.26). However, the dependent t test on the number of errors data revealed a significant difference between the systems (t(31) = -3.85, p = .001, d = 1.38). The surgeons made fewer errors on the robotic system than the laparoscopic system. The performance data are presented in Table 1 . 
Gaze control
The dependent t test on the fixation rate data revealed a significant difference between the systems (t(31) = 10.57, p \ .001, d = 3.80). The surgeons displayed a higher fixation rate (less target-locking and more switching) when performing the task on the robotic system than the laparoscopic system. The gaze data are presented in Table 1 .
Rope-threading task
Workload
The dependent t test on the SURG-TLX data revealed that the surgeons reported less total workload when completing the task on the robotic system compared to the laparoscopic system (t (31) = -3.58, p = .001, d = 1.29) . A series of dependent t tests indicated that this was mainly due to the surgeons finding the task less physically demanding (t(31) = -4.19, p \ .001, d = 1.51) and complex (t(31) = -2.09, p = .045, d = 0.75) on the robotic system. While the other dimensions of workload (mental demands, physical demands, temporal demands, situational stress, and distractions) also implied advantages for the robotic system over the laparoscopic system, none of these differences were statistically significant (all ps [ .209). The workload data are presented in Table 2 .
Mental effort
The dependent t test on the RSME data revealed that the surgeons reported that the task required less mental effort on the robotic system than the laparoscopic system (t(31) = -4.49, p \ .001, d = 1.61). Furthermore, the dependent t test on the SDNN data indicated no significant differences between the systems, although the difference did equate to a small to medium effect size (t(19) = 0.98, p = .342, d = 0.45). Indeed, the data were in the predicted direction, the surgeons exhibited higher SDNN (reflecting lower mental effort) when performing the task on the robotic system compared to the laparoscopic system. The mental effort data are presented in Table 2 .
Task performance
The dependent t test on the completion time data indicated a significant difference between the systems (t(31) = -4.15, p \ .001, d = 1.49). The surgeons completed the task more quickly on the robotic system than the laparoscopic system. The performance data are presented in Table 2. 2 Table 1 The workload, mental effort, performance, and gaze control data for the ball pick-and-drop task using the robotic and laparoscopic systems 1 While there were no significant differences between the qualified and trainee surgeons in terms of number of errors, the qualified surgeons completed the task quicker on the laparoscopic system. Furthermore, although number of previous laparoscopic procedures was not related to performance on this task on either system, number of prior robotic procedures was related to performance on this task on the robotic system. 2 While there was no significant difference in the time it took the qualified and trainee surgeons to complete this task on the robotic system, the qualified surgeons completed the task quicker on the laparoscopic system. Moreover, although number of previous laparoscopic procedures was not related to performance on this task on either system, number of prior robotic procedures was related to performance on this task on the robotic system.
Gaze control
The dependent t test on the fixation rate data revealed a significant difference between the systems (t(31) = 8.64, p \ .001, d = 3.10). The surgeons displayed a higher fixation rate (less target-locking and more switching) when performing the task on the robotic system than the laparoscopic system. The gaze data are presented in Table 2 .
Discussion
In addition to the benefits they provide to the patient (reduced blood loss, post-operative pain, etc.) [1] , robotic systems offer a high resolution 3-dimensional field of view and improved dexterity which are suggested to benefit the surgeon by reducing the physical and mental demands of a procedure. Indeed, research has shown that these features result in tasks being completed more quickly, accurately, and at a lower workload using a robotic rather than laparoscopic system [4] [5] [6] [7] [8] 14] . However, the research examining these contentions had some notable limitations. The current study adopted validated measures of workload, mental effort, and gaze control to examine the benefits of robotic surgery for the surgeon.
As predicted, the surgeons reported experiencing less total workload when performing the tasks on the robotic system compared to the laparoscopic system. This finding supports previous research that has found similar reductions in workload with robotic devices [4] [5] [6] [7] [8] . However, previous research used a general workload measure adopted from human factors research (NASA-TLX) [9] , rather than a recently developed and validated surgery-specific index of workload like the measure employed in the present study (SURG-TLX) [10] . Moreover, most of this research only reported total workload and did not outline the specific sources of workload most influenced by robotic technology. Indeed, the results of the current study are consistent with the limited research to date and suggest that the lower workload was primarily due to the surgeons finding the tasks less stressful [27] [28] [29] , physically demanding [4] , and complex, on the robotic system. Collectively, these results suggest that by utilizing robotic technology surgeons can operate at lower workloads, an important benefit given the strong links between work overload and performance errors, stress-related disorders, and burnout [11, 30] .
After both tasks, as hypothesized, the surgeons noted that they invested less mental effort on the robotic platform relative to the laparoscopic platform. The direction of the objective heart rate variability data also supported this contention, with the surgeons exhibiting higher SDNN (reflecting lower mental effort) when using the robotic platform. However, despite equating to a small to medium effect size, this difference was not statistically significant, possibly owing to a reduction in statistical power caused by the loss of 12 surgeons' data due to equipment problems. Regardless, taken together, the findings suggest that when using robotic technology, surgeons working memory resources may be less stretched, leaving more cognitive resources to help them deal with other demands such as communication, decision-making, or periods of increased complexity in the operating room. These findings may have important implications, as the ability to multi-task and effectively cope with the many noises and distractions in the operating room is regarded as a key skill for surgeons to perform proficiently [12, 31] .
The surgeons performed both tasks better on the robotic system than the laparoscopic system. In line with our predictions and previous research [5, 14] , the surgeons made fewer errors on the ball pick-and-drop task and completed the rope-threading task more quickly using the robotic platform. However, in contrast to our hypothesis, the surgeons displayed higher fixation rates (reflecting less target-locking and more switching between the targets and tools) when performing the tasks on the robotic device. Thus, based on the findings of previous research in laparoscopy [15] [16] [17] [18] [19] , the surgeons' superior performance on the robotic system was accompanied by less effective 'novice-like' gaze control. While unexpected, this finding is likely due to the surgical tasks being considerably easier on the robotic system and therefore requiring less goal-directed visual attentional control. That is, the high resolution 3-dimensional field of view and improved dexterity may have reduced the visuomotor demands of the tasks, rendering a target-locking gaze strategy unnecessary. Alternatively, the higher fixation rate may just be a reflection of the robotic systems more complex visual display. These explanations should be explored in future research using more accurate and sensitive gaze registration systems that allow for a more detailed coding and analysis of eye movements. Nevertheless, gaze control measures distinguished the robotic system from the laparoscopy system, further highlighting their potential as an objective measurement device in surgical environments [32] .
To conclude, the results of the present study demonstrate some of the benefits robotic technology can have for surgical operators. Specifically, the findings suggest that surgical tasks can be performed more proficiently and at a lower workload with a robotic system, possibly reducing surgeon's risk of overload-induced performance errors, stress-related disorders, and burnout. Furthermore, the findings show that surgical tasks can be completed with the investment of less mental effort using a robotic device, potentially allowing surgeons greater cognitive resources for dealing with other demands such as communication, decision-making, or periods of increased complexity in the operating room. However, further research is required to examine the role of gaze control in robotic procedures.
